Each year, fungal storage rots cause serious losses in the apple industry. The problem is especially prominent in production systems with little or no use of pre-or postharvest fungicides. Consequently, a high level of tolerance to storage rots is very desirable. A set of 81 apple cultivars were studied in two different production areas (Njøs in Norway and Balsgård in Sweden), during two seasons (2012 and 2013), to investigate genetically determined susceptibility to blue mold, Penicillium expansum. Lesion diameter, measured on symptoms developing after storage for 6-12 weeks, and decay index, calculated as lesion diameter divided by number of weeks in ciations between disease evaluation data and different fruit characteristics were also investigated. Decay index was negatively correlated with harvest date, estimated as number of days since full bloom, was instead found between decay index and amount of fruit softening during storage. These results provide data about genetically determined level of resistance to blue mold for apple cultivars adapted to a cool climate, and will be valuable for further research on the genetic control of resistance, as well as for choice of breeding material.
Introduction
Since fruit production costs are high in the Nordic countries, competitiveness is dependent on factors like product quality, closeness to the market, food safety and high storage potential. Continuous attempts are made in these countries to introduce new cultivars from breeding programs all over the world. However, very few of these cultivars are little attention has been devoted to postharvest disease resistance and associated decays (Janisiewicz et al., 2008; Jurick et al., 2011) . One of the major postharvest diseases affecting apples and pears (Spotts et al., 1999; Narayanasamy, 2006; Zheng et al., 2007) is blue mold caused by Penicillium expansum. In Sweden, this pathogen is responsible for approx. 12% of the losses in stored apples each year (Tahir, 2014) . Infected parts of the fruit develop brown to pale straw-colored lesions with initially white mycelium,
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What is already known on this subject?
Fungal decay, including blue mold caused by Penicillium expansum, is one of the major causes of postharvest losses of apples. Different cultivars vary in and chemical composition seem to affect fruit resistance to these pathogens.
Susceptibility to P. expansum was determined in 81 apple cultivars grown in Sweden and Norway, and suitable for a colder climate. Level of susceptibility was negatively correlated with number of days from harvest.
What is the expected impact on horticulture?
The manuscript provides information on cultivar susceptibility which is immediately useful for choice of cultivars for low-impact production and for choice of material to use in apple breeding programs.
which becomes greenish blue after sporulation. The decayed tissue is watery with a glassy surface and is easily separated from the healthy tissue. As the infected area becomes softer, the rot develops faster eventually spoiling the entire fruit (Onions, 1998) .
way to minimize fruit loss and avoid the mycotoxins produced by P. expansum, such as patulin and citrinin. Postharvest fungicide applications are, however, completely banned in the Nordic countries, and access to chemicals for pre-harvest application is also becoming more restricted in spite of the fact that pathogenic fungi are now increasing due to the progressively wetter and warmer weather. Various other strategies to combat postharvest decay have therefore been explored (Neri et al., 2006; Maxin et al., 2011) . Unfortunately, none of these strategies can provide satisfactory levels of decay control when compared with the synthetic fungicides. The growers, therefore, would by new cultivars with improved tolerance to this pathogen. The few reports available on levels of postharvest decay among apple cultivars indicate some genetically determined differences in susceptibility, but relatively little is known about actual resistance to decay (Biggs and Miller, 2001; Janisiewicz and Peterson, 2004 ). An initial step towards developing resistant cultivars is to estimate levels of disease symptoms in existing cultivars that are reasonably well adapted to Nordic growing conditions. At the same time, several other factors need to be taken into consideration. It is well known that tolerance to several storage diseases and physiological disorders is intricately related coloration, and the content of soluble solids and bioactive compounds. Advanced maturity increases fruit susceptibility to fungal decay (Guetsky et al., 2005; Vilanova et al., storage increase fruit tolerance (Nybom et al., 2008; Johnston et al., 2009; Ahmadi-Afzadi et al., 2013) .
The aim of the present study is to quantify levels of susceptibility to blue mold in a set of apple cultivars, and to investigate the relationships between susceptibility and various other fruit characteristics in order to provide a basis for further research on resistance mechanisms and to identify useful germplasm for breeding.
Materials and methods
Harvesting of fruit
orchard at Balsgård in southern Sweden (56°06'23" N, of the plant breeding company Graminor at Njøs in southwestern Norway (61°10'47"N, 06°51'44"E) were phenotyped during two seasons in 2012 and 2013. Among them, a set of nine cultivars were tested at both locations to provide a basis for across-site comparisons. Cultivars were divided into two categories depending on the harvest date, early-maturing cultivars and late-maturing cultivars. For than 110 days after full bloom (DAFB) at Njøs and no later than 129 DAFB at Balsgård. For the second category, fruits were harvested at 115 and 132 DAFB and later, at Njøs and Balsgård, respectively. In 2013, cultivars were retained in the same categories except for 12 cultivars at Njøs that were moved from early-maturing to late-maturing. Full bloom was determined according to the most commonly grown cultivars in the area. Prior to commercial harvest date, fruit maturity was estimated twice a week, using the iodine starch test. Starch hydrolysis was evaluated by dipping a slice of the fruit, cut across the equator, in an iodine solution (8.8 g potassium iodide and 2.2 g iodine per liter) for 1 minute. Starch staining was graded on a scale of 10; 1 = full color and 10 = free of starch (no color) (Smith et al., 1979) . Because of biennial bearing, two cultivars, 'Arona' and 'Vara', grown at Balsgård, were investigated only in 2012.
Evaluation of fruit characteristics
Firmness was measured on opposite, peeled sides of plunger diameter of 11.1 mm, depth of 7.9 mm), and results were expressed as Newton. Softening was calculated as -as %. In 2013, fruit juice was extracted and used for measurement of soluble solids content (SSC) by a refractometer Co. Ltd., Tokyo, Japan) and results were expressed as (%).
Penicillium expansum was isolated from naturally infected apples showing typical symptoms of blue mold, and maintained on Petri dishes with potato dextrose agar (PDA) stored separately as pure cultures at 4°C. Pathogen through apples. Conidia were removed from the surface of 10-day-old cultures and suspended in 5 mL sterile distilled water containing 0.05% (v/v) Tween 80. The suspension remove any adhering mycelia, and spore concentration was adjusted to 1×10 5 conidia mL -1 by hemacytometer.
To evaluate cultivar susceptibility to blue mold, 15 fruits conidia of P. expansum (only 7 fruit per replicate were used for 'Fu Shuai' at Njøs in 2013 due to biennial bearing) while another 15 fruits were left without inoculation as a control. -ter to remove the pesticide residues and reduce naturally occurring fungi, placed on fruit pack trays in plastic boxes, wounded twice on both sides to a depth of 3 mm, and inoculated by pipetting 20 μL of a conidial pathogen suspension into each of the wound sites.
Fruits were subsequently stored (2-3°C and 90% RH) during 6 weeks for early-maturing cultivars and 12 weeks for late-maturing cultivars. At Njøs, the storage period was extended from 6 weeks in 2012 to 12 weeks in 2013 for 12 cultivars, since the 2012 results showed better storage potential for these cultivars. At Balsgård, storage period was shortened one week for 14 cultivars in 2013 to avoid total damage of the fruit due to unexpectedly rapid decay development. Cultivar susceptibility was estimated at the end of the storage period by measuring (with a digital slide caliper in Njøs and a plastic ruler in Balsgård) the surface decay lesion at each inoculation site, and expressed as mean lesion diameter. A decay index was also calculated as lesion diameter divided by number of weeks of storage.
Statistical analyses
To investigate inter-cultivar variation, data for lesion diameter were subjected to one-way analysis of variance (ANOVA) with the general linear model (GLM) and standard deviations were calculated for each cultivar. Least for comparison of lesion diameter and decay index, respectively, among cultivars in each of the two production areas separately. Pearson correlation tests were applied to lesion diameter and decay index, respectively, to investigate associations between the two seasons across all cultivars at each location separately, and between the two production areas across the nine control cultivars. A set of regression analyses were conducted, where average decay index for each of the different cultivars was used as the dependent -variables. Variation among cultivars was further investigated by a principal component analysis (PCA), calculated for each location separately, using decay index, fruit initial mentioned analyses were conducted using Minitab ver. 16 (Minitab Inc., State College, PA, USA).
Results concentration and softening
Despite cultivars being harvested at a similar maturity stage (according to the starch hydrolysis test), they showed | I s s u e 3 | J u n e 2 0 1 5
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Tahir et al. | Susceptibility to blue mold caused by Penicillium expansum in apple cultivars 2). harvest than the late-maturing (about 7% lower in Njøs and 14% lower in Balsgård), but there was also much variation within these groups. Average weekly softening was in general considerably higher in early-maturing cultivars compared to late-maturing. Thus, weekly softening for early-maturing cultivars at Njøs was 4.5% and 4.0% in 2012 and 2013, respectively, while it was 2.3% and 3.0% in 2012 and 2013, respectively, in the late-maturing cultivars (Tables 1 and 2 ). Corresponding values for cultivars at Balsgård were 3.7% and 3.0% (early-maturing) and 2.6% and 2.5% (late-maturing) (Tables 1 and 2 ). Although much variation was reported among the cultivars, no differences in fruit soluble solids content were found between early-maturing and latematuring cultivars in the two areas (Table 3) .
Variation in disease susceptibility among cultivars
For cultivars grown at Njøs, lesion diameter in the early-maturing cultivars ranged from 0.6 mm for 'Fu Shuai' to 42.6 mm for 'Coop 12' during the season of 2012, and from 13 mm for 'Katja' to 37.8 mm for 'K2-24' during the season of 2013 (Figure 1 ). Late-maturing cultivars also showed large variation with lesion diameter ranging from 17 mm for 'Gloster' to 55 mm for 'Tohoku 2' in 2012, and from 31 49-15', and four late-maturing cultivars, 'Creston', 'Ecolette', 'Tohoku 2' and 'Rubinstep', no spontaneous infection ulation whereas only 6-10% of the control fruits showed any symptoms of spontaneous infection. Moreover, the two types of lesions, after inoculation and spontaneous, respectively, were easily discriminated as the latter were smaller and occurring anywhere on the fruit while inoculated fruit only showed symptoms developing around the clearly visible inoculation point.
At Balsgård, lesion diameter in early-maturing cultivars ranged from 5 mm for 'Birgit Bonnier' to 38 mm for 'Juuso' in 2012, and from 14 mm for 'Pepin Schafranovij' to 36 mm for 'Juuso' in 2013 (Figure 2 ). In late-maturing cultivars, values ranged from 9 mm for 'Severnij Sinap' to 69 mm for 'Konsta' in 2012, and from 32 mm for 'Ausma' to 80 mm for 'Raja' in 2013 (Figure 2 ). Four cultivars with rapid decay development during storage, 'Juuso', 'Sariola', 'Discovery' and 'Konsta', showed spontaneous symptoms in 80, vestigated apple cultivars grown in Norway (Njøs, 2012 60, 10 and 7% of the control fruit, respectively. Two cultivars, 'Aroma' and 'Nyckelby', which had a rapid decay development only in 2013, showed spontaneous symptoms in 10 and 5% of the control fruit, respectively, in this season. Decay index was in general higher in 2013 compared to found between the two years; r = 0.48 (P=0.001) at Njøs and r = 0.50 (P=0.001) at Balsgård.
In both early-and late-maturing groups, grown at Njøs, cultivars that were harvested later (higher DAFB) had smaller decay index (lesion diameter divided by the number of weeks in storage, i.e., mostly 6 in early-maturing and 12 in late-maturing cultivars) in comparison with cultivars harvested earlier (lower DAFB). Among early-maturing cultivars, average decay index was therefore higher for cultivars harvested at 95 DAFB ('Coop12', 'William's Pride', -vestigated apple cultivars grown in Norway (Njøs, 2013 'Idunn' and 'Sunrise' compared to cultivars harvested at 15') with a 50% increase in 2012 and a 39% increase in 2013. A similar difference was seen among late-maturing cultivars: those harvested at 115-120 DAFB ('Dayton', 'Elise' and 'Liberty') had a 13% higher decay index in both years compared to cultivars harvested at 135 DAFB ('Sampion', 'Topaz' and 'Ecolette').
Similarly, early-maturing cultivars grown at Balsgård and harvested at 90 DAFB ('Kavlås' and 'Sylvia'), showed 29% larger lesions in 2012 compared to cultivars harvested at 110 DAFB ('Gravensteiner' and 'Barchatnoje'). No difference in decay index was however found in 2013 for these cultivars. For late-maturing cultivars, average decay index was 71% and 20% lower in cultivars harvested at 160 DAFB ('Ontario' and 'Tönnes') compared with 130 DAFB ('Raja' and 'Alka') in 2012 and 2013, respectively.
Regression analysis using decay index as a dependent but only in 2012 at Njøs (Table 4 ).
Firmness at harvest was negatively correlated with decay index in both years at Balsgård but only in 2012 at Njøs (Table 4) . Fruit softening instead showed a positive correlation with decay index in both locations in 2012
SSC-values and decay index at either location (Table 4) . also by season (Table 5) . Decay index for 'Williams' Pride', 'Katja', 'Discovery' and 'Aroma' was larger in fruit harvested at Njøs in comparison to fruit harvested at Balsgård in 2012. By contrast, 'Ingrid Marie' (incl. colour sport 'Karin Schneider') and 'Gloster' showed the opposite pattern in this season (Table 5) . In 2013, all cultivars, except 'Elise', 'Ingrid Marie' and 'Gloster' were more susceptible at Balsgård compared to Njøs (Table 5) .
Segregation of cultivars based on their susceptibility to P. expansum
In the PCA of cultivars from Njøs, PC1 and PC2 explained 34% and 21%, respectively, of the total variation ( Figure  3 ). For the cultivars from Balsgård, PC1 explained 39% and PC2 31% of the total variation (Figure 4) . Values for decay most cultivars and these variables were found in opposite directions in both PCA plots, while values for fruit softening were more unpredictable. Both years in Njøs, the three cultivars 'Gloster', 'Retina' and 'Pilot' showed low decay while the three cultivars, 'Gala Must', 'Fu Shuai' and 'Earligold' showed relatively low decay index and slow softening ten cultivars 'Coop 12', 'K2-24', 'Delprim', 'Discovery', 'Santana', 'Sunrise', 'Idunn', 'Rubin', 'Lotos' and 'Katja' showed rapid softening. The remaining cultivars showed moderate -ure 3).
In Balsgård, 'Bersis', 'Severnij Sinap', 'Pepin Schafranovij', 'Kolinowskaya', 'Gloster', 'Huvitus', 'Ausma', 'Olga', The cultivars 'Konsta', 'Raja', 'Alka', 'Apelsinoe', 'Juuso', 'Kestrel', and 'Sariola' were highly susceptible with low inihad moderate decay index in both years (Figure 4) . 
Discussion
To investigate genetic variation in partial resistance against P. expansum, and to provide appropriate data for successful plant breeding programs, a total of 81 apple cultivars were investigated in two different apple production areas and during two seasons. Several fruit characteristics, which may be associated with this resistance such as matuening during storage and SSC were also studied.
Cultivar susceptibility was negatively associated with the harvest date (DAFB) in both locations, indicating that the resistance increases in late-maturing cultivars. The early-maturing cultivars were, on the whole, considerably more susceptible to blue mold than the late-maturing cultivars. Possibly the higher respiration rate and ethylene production in early-maturing cultivars (Watkins et al., 2004) is an important factor, since fruit with high CO 2 and ethylene production are more susceptible to fungal decay (Bass and Birchler, 2012) . By contrast, a previous study reported no relation between ripening time and susceptibility to blue mold (Chavez et al., 2014) , but the analyzed cultivars were fewer and the storage period before evaluation much shorter. Our study shows that selection for highly resistant cultivars may lead to an unintended selection also for latematuring cultivars.
and fruit susceptibility to blue mold is consistent with previous studies which have reported that improvement of fruit postharvest heating (Tahir et al., 2009) , increased the resistance to fungal decay. Although many environmental factors and orchard management practices thus have the ability to shown an association with among-cultivar differences in have an indirect effect also on level of blue mold resistance. The positive association between decay index and fruit softening during storage in 2012 suggests that slow softening is associated with a comparatively higher resistance, as also concluded in a previous study (Ahmadi-Afzadi et al., 2013) . Penicillium expansum is a wound-dependent pathogen, and it produces organic acids to provide the acidic environment required for the operation of cell wall-degrading enzymes (Prusky et al., 2004) . Thus, bruises and punctures, created during post-harvest handling of the fruit, can increase blue mold damage radically (Li and Acceleration in internal ethylene production may induce softening in apples by regulating expression of polygalacturonase (PG) and other cell wall-modifying enzymes. Polygalacturonases which play an important role in fruit softening (Johnston et al., 2002) , has been suggested as a virulence factor in several plant-infecting fungi (ScottCraig et al., 1990; Shieh et al., 1997) , including P. expansum (Prusky et al., 2004) , since disruption of PG genes reduces the level of virulence of the pathogen.
Correlation has been reported between SSC and blue mold in apple (Janisiewicz et al., 2008) . Our data did not mold susceptibility may also be related to other biochemical characteristics such as fruit pH (Prusky et al., 2004) , concentration and composition of phenols (Valentines et al., 2005) and hydrogen peroxide content (Torres et al., 2003) .
In a previous inoculation-based study, lesion diameters were positively correlated when symptoms caused by P. expansum (a wound-mediated pathogen) and Colletotrichum (a lenticel-mediated pathogen) were compared in the same set of apple cultivars (Ahmadi-Afzadi et al., 2013). However, some cultivars which were reported as moderately susceptible to C. acutatum (such as 'Sunrise' and 'Creston') or highly susceptible (such as 'Ginger Gold' and 'Pristine') by Biggs and Miller (2001) showed rapid and low to moderate decay development, respectively, when inoculated with P. expansum in our study. Various factors can be suggested that may have a similar effect on resistance -ethylene production at ripening) while differences in susceptibility are likely to be connected to, e.g., the different infection behaviors. The results of this investigation can provide useful information for apple breeding programs, especially in areas with a comparatively wet and cold climate, and in countries where postharvest application of fungicides is severely high resistance, and may therefore be recommended for production with low-input orchard management, and as parents in breeding programs.
